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TEST METHODS FOR MICROBIOLOGICALLY INFLUENCED
CORROSION (MIC) IN MARINE ENVIRONMENTS

B. Little, P. Wagner (a) and F. Mansfeld (b)

{a) Naval Oceanographic and Atmospheric Research Laboratory,
Stennis Space Center. MS 39529-5004 US»a
Dot~ R endls Guieniee, University of Southern California, Los Angeles, CA 90089-0241, USA

ABSTRACT

Flectrochemical techniques such as measurements of corrosion and redox potentials,
.anizauon curves, polarization resistance, electrochemical impedance and electrochemical
~se have been used 10 evaluaie the impact of marine microorganisms' on corrosion
wesses. Surface analytical techniques including microbivlogical culturing, scanning
-tivn microscopy, microprobes and microelectrodes have been used to characterize
.12l surfaces after exposure to marine waters. A combination of electrochemical, surface

siytical and microbiological techniques is the most promising approach for determining
.hanisms of MIC. '

TRODUCTION

1 natural marine enviromments microorganisms attach to engineering materials, colonize
wurface and produce biofilms. The environment at the biofilm/substratum interface
.be radically differemt from that of the bulk marine medium in terms of pH, dissolved
cen, organic and inorganic species. It is well documented that corrosion of metals
alloys is more severc in natural seawater than in sterile chloride-containing media
there is agreement among investigators that the increased corrosion is due to the
nce of a biofilm [1-3]. Microbial activities within biofilms control the rates and
« of electrochemical reactions. The term microbiologiczally influenced corrosion (MIC)
«d 1o designate corrosion due to the presence and activities of microorganisms
n biofiims at metal surfaces. MIC has received increased attention by corrosion
tists and engineers in recent years due to the number of failures attributed to MIC
‘te development of electrochemical and surface analytical techniques that can evaluate
apact of microbes on corrosion phenomena. The following is an introduction to
rmental technigues that have been used to evaluate MIC in marine environments

- on————
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and should not be viewed as a complete review of the subject. Mansfeld and Little [4]
recently published a review of electrochemical techniques applied to MIC.

v 400 —
TEST METHODS
Electrochemical Techniques
Corrosion and Redox Potentials e 300

Time dependence of corrosion potential (E_,,) has been frequently monitored as a
function of biofilm formation. Several investigators report an ennoblement or shift in
the positive direction of E_,, for corrosion resistant metals during exposure in natural , 200 7
seawater and formation of a biofilm. Among the metals exhibiting this behavior are ’

tion and suggested that catalysts were formed by the reaction of extracellular polymers
within the biofilm and metal species from the corroding metal. Johnsen and Bardal [8]
observed ennoblement of non-corroding metals including titanium and platinum. 100

Mansfeld et al. [11] exposed several stainless steels and titanium to flowing Pacific ‘
Ocean water for time periods up to four months. A significant ennoblement of E . was
not observed under any of the exposure parameters which included light and dark ; -200 |-
conditions and seasonal variations-Figure 3. Little et al. [12], exposing 304 stainless ;

steel in Gulf of Mexico water, observed a slight positive shift of E ., when biofilms ! 200 i
0

d
stainless steels (SS), copper alloys, titanium and platinum-Figures 1 and 2 [5-10]). 3 100
Ennoblement of E_, is usually explained by the acceleration of the cathodic oxygen E
reduction as a result of biofilm formation. Scotto et al. {7] and Mollica and Trevis [9] =
attributed E ., ennoblement to organometallic catalysis of the oxygen reduction reac- E ok

L

2

s ¢ Figure 2.
/ k- platinum,

developed under fully
oxygen, they determi
q and that interfacial |
in the presence of 1
i with siliceous cell w
o 3 concentration, chang
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¢ @ ence of an axenic ¢
A A . positive shift of E
i in the presence of I
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Figure 1. Open circuit corrosion potential curves as a function of time for - media and in pure a
21 Cr -3 Mo steel exposed in natural and artificial seawater. Natural seawater (e); Ey Little etal. [12] =t
autoclave-sierilized artificial seawater (0); and filtration-sterilized natural and anaerobic biofilm/m
artifical seawater (0) [7]. Gomez de Saravia
v incubated in artific

alginolyticus) and .




MATERIALS SCIENCE FORUM V.111-112 3

400

PLATINUM

254 SMQ TITANIUM

200 +—
g2 |
1
?E, 00
=
5 ok
(%)
5
Q.
100 b~
-200 90-10 CuNi
300 | ! R ! ] !
0 4 8 12 16 20 24 28 32

TIME (days)
Figure 2. Open circuit potential vs. time for stainless steel 254 SMO,
platinum, titanium and 90-10 CuNi in seawater [6].

developed under fully illuminated conditions. Using microelectrodes for pH and dissolved
cxygen, they determined that during ennoblement the biofilm/metal interface was aerobic
and that interfacial pH was unchanged from that of seawater. Biofilms that developed
in the presence of light were dominated by diatoms. Diatoms are microscopic algae
with siliceous cell walls that modify interfacial chemistry by influencing local oxygen
concentrationn, changing the pH and producing aggressive metabolites {13]. Motoda
ct al. [14] demonstrated an ennoblement of stainless steel of 200-300 mV in the pres-
ence of an axenic culiure of photosynthetic diatoms. Dowling et al. [15] observed a
posutive shift of E .. (2-15 mV) for a stainless steel exposed to photosynthetic bacteria
w the presence of light-Figure 4. This small increase of E_ . agrees with the depen-
dence of the reversible potential of the oxygen electrode on the partial pressure of
oaygen. ’

Videla et al. [10], Ringas and Robinson [16] and Gouda et al. [17] demonstrated a
decrease of E ., for a variety of stainless steels and copper alloys in seawater
media and 1n pure and mixed cultures of anaerobic sulfate-reducing bacteria (SRB).
Lintte etal. {12] measured highly localized areas of pH ranging from 5.2 to 9.2 at
anacrobic biofilm/metal interfaces where E_ ., was shifted in the negative direction.
Gomez de Saravia et al. {18] reported E_,, measurements for copper/nickel alloys
incubated in artificial water with cultures of facultative aerobic bacteria (Vibrio
gicmohucis) and an anacrobic sulfate-reducing bactennum (Desulfovibrio vulgaris)
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Figure 3. Open circuit potential vs. time for 3 stainless steels and
titanium exposed to natural flowing seawater [11].

Figure 5a and Sb. A displacement of E_,,, in the negative direction with respect to the
sterile control was measured during growth of V. alginolyricus. When D. vulgaris was
added E_,,, was further depressed. Little and Mans¢.!d [19,20] did not observe signifi-
cant changes of E_,, for copper alloys during exposure to Pacific Ocean water.

Shifts of E_,, can be due to either thermudynamic or kinetic effects. In terms of
thermodynamic effects, localized acidification or an increase of the partial pressure of
oxygen pO, would shift the reversible rotential of the oxygen electrode in the positive
direction. Increasing pO, leads to very small increases of E . as observed by Dowling
et al. [15] with photosynthetic bacteria,
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Figure 4. Open circuit potential vs. time for 316L stainless stecel using photosynthetic
hacieria in presence of light [15].

The role of local acidification due to microbiologically produced acids has also been
considered as a possible mechanism for ennoblement of E_ ; [S]. In addition 1o direct
production of acidic metabolites, microorganisms can indirectly influence local pH by
accelerating cathodic and anodic reactions. The cathodic reduction of dissolved oxygen
results in an increase of pH at the metal/electiolyte interface [21]. If microorganisms
accelerate dissolution of a metal at anodic sites, metal cations are formed which will
be hydrolyzed by water with'the formation of H+ ions:

M = M+ 2e (1a)
M?*+ 2H,0 = M(OH), + 2H~ (1b)

causing a decrease in interfacial pH. Kinetic effects due to catalytic reactions would
lead to an increase of the exchange current density 1, for the oxygen reduction/oxidation
reaction and an increase of the rate of the oxygen reduction at a constant potential in
the ¢harge transfer-control region.

Redox potential meas: rements are frequently used to assess the likelihood of growth
of SRB. SRB require reducing conditions (typically below -400mV gyg). Zhang et al. {22]
compared E ., values for a prepassivated platinum electrode and a 304 stainless steel
electrode with and without bacteria to follow development of a biofilm-Figures 6a and
6b. respectively. The platinum electrode was used as a redox electrode to indicate
changes in the local oxygen concentration which were assumed to be the same as those
oi the stainless steel. Since E_,, for platinum changes in the positive direction when




6 EMCR4 ¥ :MATERIALS SCIENCE f
-01 ;
[ 70-30 c.mi ALLoY i :
) ceeacasscrec-@® LA - :
020‘---.~.""~""' im
-03 E
> 04
s Al
= E y
CEL -05 5
06 é
8
07 i
(a)
-C8
01
1 90-10 cui ALLOY g
i
0.2 ... ;
‘0@ . @D cocrresessccssoce D E
03 E
¥ E
g 04 E B}
?“' 05 5
06 £
07 : .
®) o Figur
‘08 T A steril
0 1 2 3 4 5 6 7 8 . ey
TIME (days) Ry -
Figure 5. Corrosior. potential vs. time ((a) 70-30 CwNi alloy, (b) 90-10 CuNi g : Polarization Techniqy

alloy) in Postgate « medium + 0.51 M NaCl inoculated with V. alginolyticus
(----); Postgate C medium + 0.51 NaCl inoculated with V. alginolyticus and
48 hours later with D. vulgaris (arrow) (—) and sterile control (----)[18].

Polarization techn

=" ‘reduction reactions «
#:.. .Biofilms are patchy :
¥% ~ and cathodes. The r
I . Numerous investi;
microorganisms on ¢

and the resulting cc
between polarizatior

of bacteria and fung
brass in polluted sea

of the anodic polari

the presence of SR

either the oxygen concentration is increased or pH is decreased, a pH indicator was
added to the solution to independently determine pH changes. During the 72-hour exposure
of the stainless steel to bacteria E_,, fluctuated with changes in microbial activities.
Lewandowski et al. {21] developed microelectrodes for measuring the redox potential
within the biofilm thickness. To date those measurements have not been coupled to
specific electrochemical measurements.
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122]

Polanizanon Techniques

Pulanization techniques assume a uniform corrosion process in which oxidation and
reduction reactions occur randomly over a surface with regard to both space and time.
Biofilms are patchy in their distribution and composition, giving rise to localized anodes
and cathodes. The model of uniform corrosion is difficult to apply directly to MIC.

iumerous investigators have recorded polarization curves to determine the effects of
microorganisms on electrochemical properties of metal surfaces in marine environments
and the resuling corrosion kinetics. In most of there studies comparisons were made
betw cen polarization curves recorded in sterile media with those obtained in the presence
of bacteria and fungi. Deshmukh et al. [24] evaluated the influence of sulfide on naval
brass in polluted seawater using potentiodynamic polarization curves—Figure 7. The shape
vt the anodic polarization curve changed drastically and E_,, became more negative in
the presence of SRB or dissolved sel” ' active-passive transition and hysteresis
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Figure 7. Potentiodynamic polarization curves for naval brass
in seawater media [24].

in the teverse scan were observed. Castle et al. [25] used polarization techniques to
demonstrate that copper-nickel alloys were susceptible to transient reductions in oxygen
level in natural seawater, but not in sodium chloride solutions. These results were
attributed to organic components within the biofilm. The key to good performance of
copper/nickel alloys is the inhibition of the cathodic reduction of oxygen. The presence
of organic material at the metal interface provides other species for reduction after the
metal biofilm interface becomes anaerobic.

Pitting potential (Ej;) derived from polarization measurements has been used to assess
the susceptibility of metals and alloys to localized corrosion in microbiologically modified
environments. E;, is usually determined from an anodic polarization curve as the potential
value at which the current density begins to increase dramatically. E;, is defined as the
potential above which pits can initiate and grow. For stainless steels in NaCl, E; is
given by:

Ejn=2a-b log acy ()

where a and b are experimentally determined parameters [26]). For 304SS the dependence
of E;; on the activity of the chleride ion ac” has been demonstrated:

E,, = -0.074 -0.088 log acy (V vs. SCE). 3)

The probability of localized corrosion increases as E,,, shifts in the positive direction
into the range of E;. The difference between E; and E o (AE = Ey -
been used as an indication for susceptibility to pitting.

E.on) bas
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Table 1. Ep,, variation of Al 2024 with chloride concentration,
pH and microorganism growth. The composition of the culture '
medium was: CaCly. 1.8x107™% M; MgSO4: 1.7 <1073 M;
(NHg),SO4: 7.6 x 10*3 M; dissolved in bidistilled water and

adjusted to pH 7.0 with NaOH 0.1 N. [27]. -
MEDIUM Eqi (V. SCE) pH MYCELIUM (mg) ]
NaCl10* M -0.20 7.00 — ;
NaCi 103 M -0.40 7.00 — ’
NaCl 102 M -0.56 7.00 —

sterile -0.37 7.00 —

C. resinae -0.44 5.20 8
C. resinae -0.48 4.20 20 3
C. resinae -0.51 3.20 not measurec )
C. resinae -0.53 2.90 150 7

Mansield et al. [4] showed that E;, for 304SS in deaerated 3.5% NaCl decreased :
“rom about +300 mV vs. SCE at pH 8 to about O mV at pH 2. Since E;; becomes more
nepative with increasing acidity and E ., must be more negative than Epi as long as
mtung does not occur, localized acidification by microorganisms within a biofilm cannot
re used (o explain shifts of E_,, in the positive direction for stainless steels in natural
seawater. .

. Salvarezza and Videla [27] demonstrated the relationship between Epi[ values, chloride
concentration and fungal growth on 2024 aluminum surfaces—Table 1. As the
.kioride concentration of sterile media increased, E,;, moved to more negative values in
igreement with Equation 2. Fungal growth resulted in a marked decrease of medium pH
and a corresponding decrease of 'Ej;..

Pularization resistance (RP). defined as the slope of a potential (E) vs. current density

punve at E o is inversely proportional to the corrosion current density (i

m COH):

R. = by0,/2.3(b, + boicer (4)

ahere b, and b, are the anodic and cathodic Tafel slopes, respectively. Since Rp is
letermuned in a narrow range around E_,.,, the polarization resistance technique ,
yessentially a non-destructive technique which can be used repeatedly on the same !
.ample without aliening the properties of the biofilin and/or the metal surface. Nivens

st al. [28] estimated i ., from experimental R, data for 30458 exposed to a seawater

.iedium comtaintng Vibrio natriegens and concluded that the corrosion rate increased (
«th 2 bactenal production of extracellular polymer. Little et al. [19] determined the :
‘ependence of E .y and R, on the rotation speed of a rotating cylinder electrode for
mve O hased materials and concluded that the anodic reaction was under mixed charge
~enater and mass transport control. Little and Mansfeld [20] have given a more detailed
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analysis of polarization resistance measurements for Cu-based materials exposed to
nawral and anificial seawater. R, b, and b, were calculated for each exposure time

from polarization curves recorded within 30 mV of E_,,. This approach allows a 2500
quantitative calculation of i, according to Equation 4 and an evaluation of the changes o
of i.om b, and b_ and E_,,, with exposure time. 2000}
A simplification of the polarization resistance technique, linear polarization [29], r
assumes a linear relationship between potential (E) and current density (i) in a narrow 1500

range around E_.,. This approach is used in field tests and forms the basis of commercial
corrosion rate monitors.

1000
Dual Cell Techniques ; 500
The dual-cell, split-cell or biological battery [30-32] allows continuous monitoring ’ o
of changes in corrosion rates due to the presence of a biofilm. In this technique two € 0
identical electrochemical cells are biologically separated by a semipermeable mem- §
brane. The two working electrodes are connected to a zero resistance ammeter or a )
potentiostat set to an applied potential of 0 mV. Bacteria are added to one of the two ¥ -500
cells and the sign and magnitude of the resulting galvanic current is monitored to &
determine details of the corrosive action of the bacteria. Daumas et al. [32] used this _f'; -100¢
technique to study corrosion of K55 steel in the presence of hydrogenase-containing 3
(Hase*) and non-hydrogenase (Hase) SRB. During growth of the Hase* microorganisms, -150(
electrons resulting from the metal oxidation reaction at the sterile electrode flowed to
the inoculated electrode which had become the cathode as a result of the acceleration 3 -200
of the cathodic reaction on that electrode. The authors concluded that the oxidation of f
the cathodic hydrogen by the bacteria was the dominant mechanism for the enhanced N -250
corrosion rate. In the presence of Hase” SRB the colonized electrode became the anode i
due to stimulation of the anodic reaction by H,S. Little et al. [12] used the dual cell -300
technique to demonstrate that the sign and the magnitude of corrosion currents resulting
. from marine biofilms on 304SS varied with the exposure conditions (light vs. dark) and B -
the biological composition of the biofilm~Figure 8. : 4 B
. k 40
Electrochemical Impedance Spectroscopy B
Electrochemical impedance spectroscopy (EIS) or ac impedance is a technique for s
determining properties of metallic surfaces by applying a small ac signal {4] over a N -4
wide frequency range. Dowling et al. {33] used EIS to study the effects of mixed cultures :
of bacteria on the corrosion of carbon steels in marine environments. A comparison of -50
the corrosive effect of Vibrio natriegens in batch culture with that of a sterile chamber -
over a three day period showed that bacteria increased the corrosion rate-Figure 9. -5¢
Examination of the impedance behavior of a continuous flow system with low carbon i
levels showed that the corrosion rate was comparable between samples with and without - -6
bacteria. , 4l
Formation of biofilms and calcareous deposits on stainless steels and titanium during B Figu
exposure to natural Pacific Ocean water was followed by Mansfeld et al. using EIS [11]. ) 'f“ expo:

The impedance spectra for three stainless steels and titanium did not change as a func- U
tion of alloy composition, exposure time or biofilm formation and remained capacitive i
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over a tour month period-Figure 10. EIS did proyide information about the growth and
stacture of calcareous deposits on cathodically polarized surfaces—Figure 11a, 11b and
Ne. Lutle et al. (19.20] used ElS to follow biofilm formation on five copper-based
maienials at the same Pacific Ocean site. Impedance spectra varied with alloy compo-
siion, changed as a function of exposure time and were altered by the presence of a
biofilm. The complexity of impedance spectra (Figure 122 and 12b) was attributed to
1he formation of corrosion products and biofilms, and the contributions of charge wrans-
fer and inass transport reacticns mediated by the layers.

Elecuao hemicat Noise Analysis

Suastical analysis of noise fluctuations in potential or current data can provide
wnformation as to the nature of corrosion processes. Frequency and amplitude of fluc-
twanons can be used to estimate corrosion rates. Moosavi et al. [34] presented noise
plots for reinforced concrete exposed to a marine medium containing SRB-Figure 13a
and 13b. The ume record after 218 days for covered rebars revealed events that could
be due to sudden rupture of the protective oxide film followed by immediate repassivation.
Iverson et al. {35} obtained potential noise data in the laboratory for mild steel in a
seawater culture of Desulfovibrio and in the field for a gas transmission line. The authors
concluded that breakdown of iron sulfide films was accompanied by generation of
clectrochemical potential noise.

D s - ek b ot i r v o gt &

Surface Analysis

Mcthods for detecting and monitoring MIC have been reviewed by Stoecker [36],
Tatnall {37]. Pope [38], Tatnall et al. [39] and Galbraith and Lofgren [40]. Most detection
and verification techniques involve inspection of corroded material, test coupons, or
commosion deposits for the detection of specific types and numbers of bacteria, (e.g.,
SRB. mcial-depositing bacteria or’acid-producing bacteria) or corrosive by-products,
- such as chlorides, acids or sulfides. Galbraith and Lofgren [40] described methods for -
.dhuring specific microorganisms and direct microscopic counts using fluorescent
lechnzques. Tatnall et al. [41] developed a test kit for the detection and enumeration of
SRB ana prepared a comparative review of similar methods. Others [42) recommend a
quanufication of hydrogenase enzyme as a diagnostic tool to estimate the corrosivity of
hofilms Lewandowski et al. [21] developed microelectrodes for pH, dissolved oxygen
«nd dissolved sulfide 10 probe the metal/biofiim interface and interfacial properties. i
Pope and Zintel |43] discussed chemical, microbiological and metallurgical methods for }
studving MIC in field and laboratory conditions.

Much of the information that has been collected for marine biofilms on metal surfaces
a2s been derived from micrographs prepared by scanning electron microscopy (SEM)
H.43]. Preparation of biological material for the SEM requires fixation and dehydra-
wn hrough a senes of solvents and coating with a metallic layer. Little et al. [46)
demonstrated that SEM sample preparation introduces artifacts in both the areal coverage
end cor.position of bioflms. Using an environmental scanning electron microscope
(ESEM) that can accommodate wet. unfixed, uncoated biological material, they compared
maiine brofilms before and after fixation on stainless stcel and copper surfaces-Figures 14
xd 15. respeciively. The wet marine biofilm on the stainless steel surface had a gelatinous

A TRy~ S U U

e LY Yy
ey N




MATERIALS SCIENCE

EMCR 4

et

(a)

FTTT I Y SR

_ g

+ 0530

o
I

SLIoAIMTIW

+0676H

00

8 2 -

(NW) J0NLINOVIN

chart show

Figure 13.
reinforcem

appearance. Numero

(£ 244ND) SY29 O] PUD ‘(T 244ND) $Y3IM £ ([ dAINI) Yaam [ SN 24nSodXq JaIDMDIS [DSDU 03 Jwiy) damsodxd

Jo uouounf v sv noH6e 40f s1o1d apog (q) !(p saund) syaom g pup

‘(€ aadn)) Y39 € ‘(T 244n2) $Y2IM £ (] aanD)

App [ :saws aunsodxy 4310MDaS [D1IY1ID 0f awll aumsodxa Jo uoudunf v s n) 66 40f s101d apog (v) 'z 24nd1y

ZH) J 900 () 3 901
S 14 £ 4 b 0 - ¢- 8 ¥y . € ¢ 4 0 - Z-
T T T T T T T T T T T T 0
v
m
z
5]
m
a
]
3
06
,,. T T T T 1

B

=}

N

~

5

o

=

3

©

wv‘

@

image

_kmpossible to

water, much of the e
decreasing the actu:

monolayer of bacteri

ottt

alteration in the bic




MATERIALS SCIENCE FORUM V.111-112 17
+0530 B Tll-\AE RECORD
@ g
: VooE
+ 06T : R

;
\

g ; 1l
(@]
>
-
> )
=t —
_o943 ! — 1 i i 1
3896 39.03 39.10 39.17 39.24
TIME (hours)
POTENTIAL DISTRIBUTION (-ve and +ve
1(m 3 { 1 T T 1 l( 12 T ) ) E 1m
© ]
" MAGNITUDE 1
< [ | ——~——= POPULATION
g 0f 3100 '
w F h (= i
o § 4 =5 !
2 | i 1 3 i
o H
g : ‘ "'4‘\ a. b
= 10 i 1y \ 4\ <410 i
E : | Iy 1, Wﬁ 3 i
i I “' 3 ﬁ i
r [ h ik ‘
ool I !
i { | 1
, lll \ i
1 1 RTRAYIHED 1 !
0001 a0t 01 1 10 100 1
MILLIVOLTS ;

Figure 13. Noise analyses (a) time record after 218 days for covered
reinforcements in media containing SRB and (b) potential distribution
chart showing population and magnitude of potential fluctuation [34].

appearance. Numerous microalgae could be distinguished throughout the gel, but it was
impossible to image individual bacterial cells with the ESEM. After solvent removal of
watez, much of the extracellular polymeric material from the biofilm was also removed,
decreasing the actual areal coverage of the biofilm on the surface and exposing a
monolaver of bacterial cells, typically referred to as the biofilm. The most conspicuous
alteration in the biological composition of the marine biofilms as a result of SEM
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(c
1 BT
Fgure 14. ESEM images /a) wet marine biofilms on stainless B
seel surface and (b) marine biofilms after treatment with acetone -3
ad xylene [46]. "
sample prepar@ion was the partial removal of diatoms from the stainless steel surface
and the complte removal of diatoms from the copper surface. It appears that the
number of diamms in marine biofilms and their potential for oxygen production within E
the biofilin are grossly underestimated by traditional SEM techniques. 3 .
. . . Figure 15.1
The solventemoval of water removes the polymeric matrix and metals bound by the : surface, (b
matrix-Tables 2 and 3. Extracellular polymeric material is predominantly negatively ’ 3 . biofilm afté

charged so thatit can act as an effective cation exchanger, increasing local concentra-
tions of heavymeials including Al Ni and Ti. Dehydration of the biofilm with acetone
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-
Figure 1S, ESEM images (a) wet marine biofilm containing diatom on copper
surfuce. (h) marine biofilm after treatment with acetone, and (c) marine

biofilm after treatment with acetone and xylene.
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L™ instantaneous corrosion |
Table 2. Weight percent elemental composition of a biofilm on ;5 surc lime. EIS has emery
304SS surface [46]. % metals exposed to fnarmf
4  be used to determine €O
BASE AFTER EXPOSURE  AFTER B rates. Similarly, electroc
HEMENT METAL TO SEAWATER XYLENE imposition of an externa
Fe 72.55 11.24 72.43 B8 MIC studies. As in all s!
Cr 18.10 4.71 18.17 : cal, surface analytical an
Ni 8.02 34.00 7.78 mpchanisms of MIC.
Si .93 7.35 1.06
Al .40 3.33 0.57 :
Cl 0.66 ACKNOWLEDGMENT
S 0.99 ‘ . 'This work was suppor
K 1.88 gt through the NOARL Det
Na 212 wnlimited distribution. P
Mg 4.98 o
Ti 28.74 C
REFERENCES
B 1) Compton, K. G.:
Tgb_le 3. Weight percent elemental composition of a 2) Lagutina, A. G.;
biofilm on a copper alloy surface [46].. . Zaschita Metallo
CulN  CuAFTER  CuAFTER B 3) LaQue, F L: M
ELEMENT H,0 ACETONE XYLENE ; 4) Mansfeld, F. and
Al 9.49 1.22 0.74 JRE.  S) Dexter, S. C. and
Si 21.38 1.89 1.7 , 1988, Valencia, !
Cl 0.93 15.9 - 15.93 . " 6) Holthe, R; ‘Bard
Cu 59.62 80.59 82.06 : s . 1988, National A
Mg 1.96 : o 7) Scotto, V.; DiCin
P 0.98 SR« 8) Johnsen, R. and
s 0.95 B  0) Mollica, A. and '
Ca 0.49 PR, ing, 1976, Antib
K 0.67 BRI “10) - Videla, H. A; d
Fe 3.52 No. 291, 1989, }
} ) Mansfeld, F.; Ts
and xylene either extracts bound metals from the biofilm, alters the electrostatic charges s g::;s::“g?' N
within the biofilm or removes the metals with the extracellular polymeric material. The X 47) Lit B" Ra- E
solvent effects of ac=tone and xylene cannot be separated from the mechanical disturbance o ! ‘2) ittie, B 1 ¥ F
to the biofilm daring sample manipulation. _ F . #  and Mansfeld, F
. Rae:13) Terry, L. A. anc
Qe 1 pp 211-230.
CONCLUSIONS R ,4')_5’ Motoda, S.; Su
Polarization techniques are useful for a survey of the corrosion kinetics in a large o i 1990" i1, pp- 51
potential region. For studies of MIC, pitting potential has been used to assess effects  JESSMEEEELS) Dowling, N.J. E
of microbes on localized corrosion. Drastic changes in the polarization behavior of E ! ' of Photosynthetic
copper alloys have been observed in the presence of sulfides and SRB. Polarization e press, 1991.

resistance and lincar polarization techniques have been useful for determining SESEENR
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inswantaneous cofrosion rates and monitoring corrosion behavior as a function of expo-
sure ume. E1S has emerged as a technique for characterization of surface properties of
metals eaposed 1o marine environments. Since EIS is a non-destructive technique, it can
be exd to determine corrosion mechanisms as well as to follow changes in corrosion
rates. Similarly, elecrochemical noise is non-destructive since it does not require the
impostiion of an external signal. However, its use has been limited so far to qualitative
MIC studies. As in all studies of corrosion phenomena, combinations of electrochemi-
cal. surtace analytical and microbiological techniques are needed to provide quantitative
mechaiisms of MIC.
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